Reception and transmission of signals across the plasma membrane has been a function generally attributed to transmembrane proteins. In the last 3 years, however, a growing number of reports have further acknowledged important contributions played by membrane lipids in the process of signal transduction.
INTRODUCTION
Cellular membranes are highly dynamic structures assembled by amphipathic lipids and proteins. Because these associations are affinity-based, membranes are considered fluid, allowing rotational (movement around their individual axes perpendicular to the membrane), translational (movement across and parallel to the membrane), and transbilayer lipid movement (lipids flipping between opposite external planes) [1] [2] [3] .
Lipid composition confers important properties on the plasma membrane. Asymmetry, for instance, is largely a product of enriched varieties of lipids within distinct membrane leaflets. In mammalian cells, the plasma membrane cytoplasmic leaflet usually contains more phosphatidylethanolamine and phosphatidylserine when compared with the outer leaflet rich in sphingolipids [4] . In addition, lipids can exhibit different overall geometric shapes based on inherent properties, such as head group size and the length and/or saturation of their acyl chain tails [5, 6] . Maintenance of membrane fluidity, despite the presence of saturated lipids, is sustained by integrated sterols that interfere with acyl chain packing [1, 7] . Conversely, because sterols themselves are inflexible they can increase membrane rigidity if associated with flexible unsaturated lipid bilayer [7] . It is worth noting that cholesterol deposition can similarly be asymmetrical and differs greatly among organelles [8, 9] . Furthermore, both saturation states and the presence of cholesterol are sufficient to prevent lipid miscibility and lead to specific lipid domains formed by associations of liquid ordered and disordered phases [1, 7] . These physical properties can act as the underlying template for membrane curvature, thickness, and tension that, as will be discussed, play important roles in cell signaling.
Furthermore, membrane lipids are known to act as secondary messengers during cell signaling. Many G-protein-coupled receptors activate the phosphatidylinositol signaling pathway, whereby phospholipase C hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP2) into two secondary messengers: inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) [10] . In turn, DAG activates protein kinase C and IP3 increases intracellular calcium levels promoting a plethora of cellular responses, including transcription, cell growth, and immune responses. Interestingly, another membrane lipid, sphingosine, has been shown to modulate protein kinase C [11] .
More recently, membrane lipids have been shown to alter integral membrane receptor signaling either through direct or indirect stoichiometric interactions. Investigations within the last 5 years have identified important roles of lipids in the regulation of membrane protein receptors during cell signaling. These functions have been uncovered because of recent developments in crystal structure resolution and identification of lipid binding sites in the context of three-dimensional structures. These technical advances have paved the way to a better understanding as to how the composition of the plasma membrane offers both a tremendous level of versatility and plasticity in cell signaling. This short review highlights work done, chiefly within the last 2 years, that have significantly expanded our view of the contribution of membrane lipids in cell ignaling.
MEMBRANE LIPID COMPOSITION AND CELL SIGNALING
It is well accepted that the composition of distinct phospholipids in eukaryotic membranes is essential for maintaining cellular homeostasis. Furthermore, the macrodomain heterogeneity caused by lipid phases can promote segregation and crowding that, in turn, limits lateral diffusion in a manner that affects cell signaling by either facilitating or hindering protein-protein interactions [1] . In addition, the local constituency of phospholipids has been recently shown to impact signaling by regulating the exposure of specific protein domains to the cytosol, as discussed below.
Lipid composition affects how signaling proteins associate with the plasma membrane. A recent study has uncovered that the function of K-Ras can be greatly influenced by the composition of phospholipids in the plasma membrane as they offer distinct affinity to the protein [12 && ]. Ras, a small GTPase that regulates multiple signaling pathways and is known to be linked to several cancers, is only fully functional once bound to the plasma membrane. Importantly, the orientation of the K-Ras catalytic domain can alter its ability to interact with regulator and effector proteins (Fig. 1a) . Consequently, how the protein is anchored in the plasma membrane has profound effects in its ability to signal. Using all-atom molecular dynamics simulations, Li and Buck found that the association of K-Ras with distinct phospholipids modulates its orientation and therefore its function. The authors showed five possible cytosolic topologies of Ras depending on the type of anionic lipids present at the membrane, resulting in alterations in the exposure of the catalytic domain and therefore its ability to signal [12 && ]. Interestingly, it also appears that the affinity of K-Ras to membrane lipids is nucleotide dependent [13] . Nuclear magnetic resonance showed that GDP-bound Ras, unlike its GTP-bound counterpart, has the switch region exposed to the cytosol in a manner that facilitates its interaction with exchange factor proteins, GEFs [13] . These interactions allow Ras reversion to its active form. One could also predict that this association might enable a more prolonged K-Ras activity as GTPaseactivating proteins (GAPs) are hindered together with the hydrolysis that renders K-Ras inactive. The type of binding specificity found for K-Ras is predicted to be broad and affect multiple proteins known to interact with lipids in the plasma membrane.
Moreover, lipid subtypes can provide versatile anchoring platforms that modulate protein-protein interactions and downstream signaling. Along these lines, one of the most well known modules for protein-protein interactions in cell signaling are the Src homology domains. Notably, SH2 domains are true binding modules essential to downstream signaling in multiple phosphotyrosine receptor pathways [14] . Two decades ago, it was reported that SH2 domains bind to lipids in a manner that either inhibit [15] or promote [10] their activity. Nonetheless, these findings have remained
KEY POINTS
Lipid composition contributes to cell signaling and homeostasis.
Membrane lipids can interact directly by associating with receptors or to second messenger molecules.
Lipid saturation states and lipid enrichment can also modulate assembly of signaling networks.
controversial as they lacked mechanistic details. In a recent study, Park et al. [16 && ] took on the challenge and systematically evaluated the role of lipids in regulating SH2 domain-mediated protein-protein interactions and downstream signaling events. They provided sound evidence that most SH2 domains bind with high affinity to plasma membrane lipids through their so-called 'alternate cationic patches' (ACPs), which are domains adjacent to hydrophobic and/or aromatic residues reminiscent of membranebinding protein lipid-binding sites (Fig. 1b) . The study demonstrated that SH2 modules have in fact dual specificity with lipid and protein-binding domains. In this manner, the relative locations of the ACPs and pY pocket dictate SH2 domain protein orientation and favor flexible lipid-mediated regulatory mechanisms for pY-signaling outcomes based on lipid binding affinity (Fig. 1b) . The authors further found that the morphology of the lipid binding ACPs allows for SH2 containing proteins to interact differently with the PM; groove-forming ACPs bind to lipid headgroups, whereas flat ACPs interact nonspecifically with anionic lipids (Fig. 1b) . In summation, these different associations are predicted to influence the motility of the SH2-containing proteins and their interaction with distinct downstream effectors.
Recent work also revealed direct lipid-dependent receptor signaling. Enrichment of ganglioside GM2 in the plasma membrane of cancer cells has been previously associated with tumor progression and epithelial-mesenchymal transition [17
] provided mechanistic evidence for a novel role of ganglioside GM2 in promoting tumor cell migration in vitro. Using a variety of in vitro analysis, the group showed that GM2 directly interacts and promotes the activation of b1 integrins both in cis and in trans (Fig. 1c) . They demonstrated that activation of b1 integrins by GM2 promotes downstream signaling with consequent phosphorylation of Erk-MAPK resulting in cytoskeletal changes and increased migration. The findings are paradigm shifting because they provide the first evidence that lipid subtypes can activate integrins in a cell-autonomous manner. It also offers a potential therapeutic strategy not previously considered.
INCREASES IN MEMBRANE CHOLESTEROL IMPACT ON RECEPTOR SIGNALING
Structural studies have revealed that cholesterol is a positive regulator for G-protein-coupled receptor (GPCR) signaling. The recently resolved Smoothened (Smo) extracellular cholesterol binding cysteine-rich domain is necessary for proper hedgehog (Hh) signal transduction [19 && ]. As such, this site has been likened to an allosteric agonist region. Mutations or antagonists that conformationally obscure this site prevent Hh signaling [19 && ]. Furthermore, sterol-induced conformational changes are sufficient to activate Smo [20 & ] (Fig. 1d) . The context of this extracellular binding site and the specific source of these sterols require further investigation, although accumulation of cellular cholesterol has been tied to increased activation [21] .
As stated previously, membrane lipid composition is dynamic and highly titrated. Activation of liver X receptor (LXR) by increased oxysterol concentrations induces ATP-binding cassette transporter (ABCA1) expression and cholesterol efflux [22] . If efflux is hindered, cholesterol enrichment can be cytotoxic and has been correlated with Toll-like receptor (TLR) activation [23] . Interestingly, LXR activity has been shown to antagonize TLR induced inflammatory gene expression, though whether these signaling pathways are directly tethered has been contentious [23] . However, recent work by Ito and colleagues in macrophages has shown that LXR/ ABCA1 induced decreases in raft cholesterol content disrupt TLR4 recruitment of adaptor molecules myeloid differentiation primary response gene 88 (MyD88) and tumor necrosis factor receptor associated factor 6 (TRAF6), preventing downstream inflammatory gene expression [24 & ] (Fig. 1e) . Clearly membrane composition has a significant impact on cellular homeostasis and pathology. It is thus understandable that membrane lipid targeted therapy is a rapidly growing field. However, because protein-lipids interfaces are complex and highly dynamic, a more concrete understanding of how exactly lipids interface with cell surface receptors will be critical in designing targeted therapies.
EXTENT OF PHOSPHOLIPID SATURATION AND CELL SIGNALING
Cell signaling events can also be influenced by the degree of saturation present in the phospholipid chains. Alterations in fatty acid saturation is a key property that controls stiffness and elasticity of plasma membranes, and is a well known mechanism for adaptation to distinct temperatures. It has been previously shown that polyunsaturated fatty acids (PUFAs) can impair lipopolysaccharide (LPS)-mediated activation of TLR4 which eventually promotes the activation of the nuclear factor kappa B (NF-kB) [25] . Nonetheless, the mechanisms associated with this process have remained elusive until recently. In an elegant paper by Schoeniger et al. [26 && ], the authors demonstrated that, unlike the predicted mechanism at the level of gene expression, PUFA enrichment affects TLR4 at the membrane. In fact, the findings provide evidence that PUFAs can disrupt plasma membrane microdomains and significantly impair stimulation of TLR4 [27] . The presence of lipid rafts is indeed critical for TLR4 activation. They serve as dynamic platforms for the assembly of specific proteins that enable the organization of protein-ligand interactions [27] . Through this work, Schoeniger et al. revealed that slight changes in membrane lipid composition, resulting in minor modulation of the physical-chemical properties of membrane microdomains (rafts), are sufficient to alter cell signal transduction with impressive consequences to inflammation.
Importantly, diet can affect the saturation of phospholipids in the plasma membrane. By manipulating the diet of fruit flies, Randall et al. [28 && ] could reduce the proportion of polyunsaturated membrane phospholipids by seven-fold. Interestingly, this was associated with significant effects on the visual performance of the flies. Specifically, photoreceptor responses were reduced two-fold to three-fold. The authors further showed that specific GPCR activation in Drosophila photoreceptors cells relies on mechanical forces in the membrane induced by PIP hydrolysis by phospholipase C.
Diet was also shown to alter the levels of cell surface Notch1 in endothelial cells with significant consequences to Notch signaling, inflammation, and atherosclerosis. We found that high cholesterol diet provided to mice for three consecutive days significantly reduced Notch1 protein level in the endothelium of the aorta [29] . The specific mechanism associated with these changes in Notch1 are currently unclear. However, the associated decrease in Notch signaling resulted in binding of inflammatory cells to the tunica intima and a robust induction of atherosclerotic plaque formation similar to heterozygous Notch1 animals subjected to a normal diet [29] .
PLASMA MEMBRANE PROTEINS CONTRIBUTE TO THE FORMATION OF LIPID MICRODOMAINS
Oligomerized integral proteins and those anchored with cytoskeletal elements can also limit lipid lateral diffusion of plasma membrane lipids, retaining certain lipids in the inner leaflet. For example, cortical actin assemblies (asters), known to bind and therefore immobilize phosphatidylserine in the inner leaflet, have also been purported to induce clustering of glycophosphatidylinositol (GPI)-anchored proteins on the outer leaflet with important consequences to cell signaling [30] . Proteins tethered by lipid associations, such as GPI, palmitoyl, myristoyl, or cholesterol, are already preferentially segregated to higher ordered lipid raft domains [31] . Through cholesterol mediated interactions, associations between aster immobilized inner membrane fatty phosphatidylserine and fatty outer membrane lipid anchors are also thought to drive raft formation [9] . Like lipid raft domains, vesicular invaginations known as caveolae are formed by scaffolds of caveolin bound with membrane cholesterol. Importantly, through mediating cell signaling and endocytosis, caveolae also work indirectly to mediate cholesterol transport and homeostasis [8] .
INTERPLAY BETWEEN LIPIDS AND PROTEINS IN VESICULAR FORMATION, TRAFFICKING AND SIGNALING
Cell signaling is highly dependent on the delivery and removal of receptors to the cell surface and clearly the dynamics of exocytosis and endocytosis rely on specific protein-lipid interactions. Recent work has highlighted the regulatory role of both lipids and proteins during vesicular trafficking and intracellular vesicular transport that contributes to cell signaling. For example, glycerolphospholipids have been shown to regulate vesicular transport. The sorting of glycosylphosphatidylinositol lipid anchors in the endoplasmic reticulum and sphingolipids can change the ability of soluble N-ethylmaleimide sensitive fusion (NSF) attachment protein receptors to promote membrane fusion [32, 33] .
In addition, the process of vesicle formation is another important way by which lipid-protein interactions are known to affect cell signaling. Briefly, membrane curvature necessary for vesicular formation is facilitated by hydrophobic mismatch as results of protein crowding, as well as scaffolding mechanisms with the aid of coat proteins [34 & ]. Hydrophobic mismatch causes proteins, which have large extramembrane components diffusing in the membrane, to induce molecular crowding in order to lower the accessible membrane surface area and reduced lipids [35] .
CONCLUSION
In addition to their multiple roles in providing unique and critical physical and chemical properties to plasma membranes, lipids have more recently emerged as important regulators of cell signaling. Their new roles are mediated either by their association with receptors and second messengers, as direct ligands to receptors, or by regulating the assembly of complex signaling networks. These advances were made possible by the improvement in structural technology and increased ability to identify lipid moieties within specific subdomains. It is likely that this trend will continue and broaden opportunities for potential therapeutic exploitation.
